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I. INTRODUCTION

Speckle noise appears when images are formed by use of coherent radiation
at any wavelength, including infrared and microwave wavelengths used for
imaging through fog and smoke. Investigation has begun into the application

* of median filters for the removal of speckle noise. Past work in the use of
* median filters for speckle removal has not been a great success; however, it

has been found that the root signal concept may be the key to the productive
application of median filters. A root signal for a median filter is a signal
that is invariant to the filter; the signal is not changed by the filter
application. Consequently, for a root signal, the filter output signal is the
same as the input signal. With a few special exceptions root signals are
locally monotone; they do not contain impulsive components, nor do they
contain rapid oscillations of the form usually found in speckle patterns.
When a noisy image is presented it can be filtered to a root signal by the
repeated application of the median filter; that is, the filter output is
filtered again and again by the same filter until a root signal is obtained.
Theory has shown that, again with a few exceptions, the repeated application
of a filter results in a root signal. Hopefully, the root signal obtained in
this manner is a relatively noise-free version of the noisy input signal.
The results to date are very encouraging, and are detailed in Section III.

II. MEDIAN FILTERING

Median filtering is a nonlinear signal filtering scheme originally
proposed by Tukey [1] in 1974. The motivation for Tukey's proposal is in
part due to the fact that there are situations where linear filtering is
inadequate. For example, if a signal d.Lsplays sharp discontinuities in
addition to being corrupted by high frequency noise, then a linear filter
designed to eliminate the noise will also smooth out the signal.

The operation of a one-dimensional median filter will be described, then
the two-dimensional modification of the median filter will be discussed.
S--v-t with a sampled signal of length L and move a window that spans 2N + 1
signal sample points across this signal. The filter output is set equal to
the median value of these 2N + 1 signal samples. This filter output value
is associated with the time sample at the center of the window. To account
for start-up and end effects at the two endpoints of the L-length signal,
N samples each are appended to the beginning and the end of the sequence.
The appended samples are constant and equal in value to the first and last
samples of the original sequence, respectively. There are other ways in
which the values of the appended points can be assigned. As an example,
consider the binary valued sequence of Figure 1(a), where L -10 and N = 1
the median filtered signal is plotted below the input signal. The appended
values are marked as X's. Figure 1(b) illustrates the filtering of the same
input signal as for Figure lGa), with N - 2. Figure 1(c) illustrates the

* filtering of the same input signal, with N - 3. The signal of Figure I
passes undisturbed through the N - 1 filter; however, it is affected by the
N -2 and N - 3 filters. The signal would be reduced to a constant value
by an N u4 filter. One can immediately make the following observations:

(1) Scaling of the input data scales the median by the same
factor; Mia x(N)] - a M[x(n)].

*3
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Figure 1. Signal filtered by three different median filters:

(a) N 1 1, (b) N - 2, and (c) N * 3.
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(2) Median filtering preserves edges but removes impulses.

(3) Median smoothers introduce a delay of N.

One observation made by many working with median filters has been that
some signal sequences are invariant to the filter process. In addition, it
has been observed that any signal, after repeated median filtering, appears
to be reduced to one of these invarient signals called a root signal. These
phenomena have been proven to be always true [2] and can be stated precisely in
the following two theorems:

Theorem 1: Given a length L sequence to be median filtered
with a size 2N+l window, a necessary and sufficient
condition for the signal to be invarient under
median filtering is that the appended signal consist
of constant neighborhoods and edges.

Theorem 2: Upon successive median filter window passes any non-
root signal will become a root after a maximum of
(L-2)/2 successive filterings. Also, any non-root
signal cannot repeat, and the first point to change
value on any pass of the filter window will remain

constant upon successive passes.

In order to understand the first theorem, a rigorous definition of a
constant neighborhood and of an edge are required. These are:

(1) A .onstant neighborhood is at least N+l consecutive identically
valued points.

(2) An edge is a monotonic sequence connecting two constant
neighborhoods with different values.

As a practical example of theorem 2, Figure 2 contains an example of a signal
filtered to a root in three passes of a size five window.

A modification of the concept of a median filter is the concept of a
recursive median filter. To implement the recursive filter, slide the
window across the signal and find the median value as before. Now, after
finding the median value, the central sample within the window is assigned
this median value before the window is incremented to the next position. The
significant property of the recursive filter is that the output is a root
after only a single pass. In addition, this root is not the same root after
repeated filtering with a conventional median filter. Also, it has not been
proven that the set of possible roots for a recursive filter is identical to
the set of roots for the conventional non-recursive filter. Figure 3 shows
the original signal from Figure 2 filtered to a root by use of a recursive
filter.

5
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Figure 2. Signal filtered to a root in three passes
by a size five window'.
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Figure 3.Signal filtered to a root in one pass by a
recursive median filter. Window size is
five.
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Among the modifications of median filtering that have been studied are:

(1) Filtering to a sample rank other than the median.

(2) Combining various linear operations with the median filter.

The n'th rank filter is one in which the sample values within the window at
any given position are ranked. The filter output is the n'th largest sample
value rather than the median value. These non-median n'th rank operations
have potential applications in areas such as peak detection with impulse
rejection and digital AM detection. As an example of AM detection, consider
the example illustrated in Figures 4 and 5 of a 5 KHz tone modulating a
31 KHz carrier sampled at 250 KHz. The envelope is detected by use of a
window of size 9 where n = 8 (i.e., the next to largest window sample is
chosen as the filter output). Figure 4 shows detection of the noise free
signal, and Figure 5 shows detection of the same signal but with impulsive
noise added. The way in which this filter detects the signal while
simultaneously rejecting the impulsive noise is very impressive.
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root pattern. As in the one-dimensional case, the median filter operates by
sliding a window across the signal; then, the median value (or other rank) of
all the point values in the window is determined as the filter output. Unlike
the one-dimensional case, the window now has shape; however, a square shape is
usually chosen for the window.

The key to success for this application of median filtering is to have
the original uncorrupted image be itself a root signal. Then when the noisy

image is filtered to a root, the result obtained should not be too unlike the
orignalpattern. Of course, the quality of the filtered image will depend

quantitative discussion cannot be given, nor can the filtered image quality
be related to the original signal to noise ratio. Several examples will be
presented to illustrate the power and flexibility of the median filter.

For the first example, as shown in Figure 7, three 10 x 10 square targets
in a 64 x 64 element field will be used. This image is multiplied by the
speckle intensity pattern in Figure 8, in which the average speckle linear
dimension, taken as the first zero of the autocorrelation function, is two.
The noisy image produced is shown in Figure 9. This noisy image is median
filtered repeatedly using a 3 x 3 window until a root is obtained; this root
pattern is shown in Figure 10. A second speckle noise intensity pattern with
an average speckle linear dimension of four is shown in Figure 11. The noisy
image produced by use of this pattern in found in Figure 12. The root pattern
produced by median filtering with a 3 x 3 window is illustrated in Figure 13.
Note that as the speckle size increases to that of the filter window, the
filtered image has more noise.

Figure 7. Original image f or speckle noise examples.
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Figure 8. Noise pattern with 2 x 2 speckle size.

Figure 9. Noisy image made by the multiplication of

the original image and speckle pattern in
Figure 8.
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Figure 10. Noisy image filtered to a root by a
3 x 3 square window median filter.

Figure 11. Second speckle pattern with 4 x 4 speckle
size.
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Figure 12. Noisy image pattern corresponding to

speckle noise of previous image.

Figure 13. Noisy image of previous figure filtered
to a root.
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Some impressive results have been obtained with modifications of the
median filter. One approach that has been particularly fruitful has been
to combine different types of median filters. One such filter is called a
separable filter. A separable filter is actually the combination of two
one-dimensional filters. To use a separable filter, pass a une-dimensional
filter window across the entire image pattern. Then pass a second window
across the window. For example, the first pass could be 9 samples long and
I sample long, and the second pass I sample long and 9 samples wide; with the
result of this combined operation is to make one pass of a 9 x 9 separable
filter. The operations of a separable ranked order filter and a separable
median filter were combined to obtain the results in the next example. The
original image is shown in Figure 14; the spike in the center is a reference
height of 10 units. The noisy image, with an average speckle linear
dimension of 4, is found in Figure 15. First, one pass of a 9 x I separable
ranked filter was made where the output value is the fourth from the largest
sample value in the window. Then 3 passes of a 9 x 1 seperable median filter
were made. The filtered image is shown in Figure 16. The result is very
good.

Although these results have been very encouraging, no firm grasp on how
to choose the appropriate type or combination of median filters for a
particular application has been obtained. At present, the choices are based
on a well-developed intuition rather than a sound theoretical foundation,
although this foundation is being developed.

Tes Unlits High

Figure 14. Original image to be filtered by use of
separable ranked order filter and then
separable median filter.
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Reference Spike

Figure 15. Noisy image corresponding to original of
Figure 14 in 4 x 4 speckle.

hRference

Spike

Figure 16. Filtered image corresponding to noisy
image of Figure 15.
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IV. DIRECTIONS FOR FUTURE WORK

Median filtering is a relatively new area of digital signal processing;
the theoretical basis of median filtering is only now being developed. Much
more work is needed to develop analytical design procedures with a sound
theoretical foundation rather than the largely intuitive procedures currently
employed.

In order to study the effects of median filtering on speckle noise in
coherently generated images, a true model for the simulation of speckle noise
is required. The procedure discussed in this report for the generation of
simulated speckle by using the FFT of a random phase sequence appears to
provide the required flexibility. Efficient computer algorithms for the
simulation of optical propagation in the Fresnel zone are now required. Such
algorithms should make use of efficient sampling procedures such as the
hexagonal sampling raster as well as efficient discrete transform methods
for these sampling schemes. The existence of such fast and efficient
algorithms combined with FFT speckle simulation should provide powerful digital
techniques for the simulation of coherent optical propagation. This would,
therefore, allow meaningful theoretical studies as well as computer simulations
for the median filtering of speckle noise.

One specific question that needs to be addressed is the relationship
between speckle size and shape, median window size and shape, and image
resolution in the filtered signal. Also, additional work is needed on the
properties of two-dimensional root signals in median filters, which in some
respects seem to be quite different from the one-dimensional root properties.
At present, the theory for two-dimensional median filters remains undeveloped.

16
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